We demonstrate uni-directional evanescent coupling of lasing emission from a deformed microdisk to a waveguide. The clockwise and counter-clockwise propagating ray orbits are spatially separated by wave optics effects, enabling selective coupling.
Introduction
Semiconductor microdisk lasers are excellent candidates for on-chip light sources in integrated photonics applications due to their small size and ability to couple output power to planar integrated waveguides [1] . Laser emission can be evanescently coupled to a waveguide placed close to the disk boundary along the tangential direction. The chiral symmetry of a microdisk ensures that all lasing modes contain equal amplitudes of clockwise (CW) and counter-clockwise (CCW) propagating waves, thus the energy coupled out is split evenly into two waveguide directions. One way to obtain uni-directional coupling is to break the chiral symmetry, e.g., in a spiral shaped cavity [2] ; another approach is to place a waveguide along the normal direction of the cavity boundary [3] . In all of these studies, the cavity size was much larger than the emission wavelength.
In this work, we demonstrate that a wavelength-scale deformed disk laser can produce directional output to a waveguide placed tangentially to its boundary. The chiral symmetry is broken not by the deformation of a circular cavity shape, but by the Goos-Hänchen shift (GHS) and the Fresnel filtering (FF) effect that become significant when the cavity size is comparable to the wavelength. GHS describes a lateral displacement of a totally internally reflected beam, and FF has the effect of deflecting the reflected beam away from the specular reflection direction [4] . In wavelength-scale cavities without rotational symmetry, these effects serve to split a periodic ray orbit into two pseudo orbits, one propagating CW and the other CCW [5] . The spatial separation of CW and CCW orbits allows us to couple one of them more efficiently than the other depending on the coupling point of the waveguide along the cavity boundary.
Numerical optimization
We consider a deformed microdisk shape in which the GHS and FF effects are significant for the high-Q modes.
The cavity boundary can be described in polar coordinates as ρ(ϕ) = R [1 + ε cos(ϕ)] [1 -ε 1 cos(2ϕ)] + d, where R = 890 nm, ε = 0.28, ε 1 = 0.06 and d = 60 nm. We numerically simulate the resonant modes of transverse electric (TE) polarization (electric field in the plane of the disk) using the finite element method. The refractive index n of the disk is set to 3.13. We first consider the high-Q mode with azimuthal number m=10 (λ = 1355 nm, kR = 4.13). The Husimi analysis of this mode (similar to that in Ref. [5] ) illustrates that the triangle orbit is split into CW and CCW pseudo orbits due to the GHS and FF effect, as shown in Fig. 1(a) . The spatial separation of the CW and CCW orbits provides an opportunity to selectively couple light from one of them by positioning a waveguide tangential to a part of the cavity boundary that is closer to one of the orbits. To optimize this selective coupling, we introduced a straight waveguide separated from the cavity boundary by 100 nm, and varied the location of the coupling point along the boundary. In our numerical simulations, the waveguide (having the same refractive index as the disk) was oriented vertically to the right of the disk, and the disk was rotated in the CW direction (Fig. 1) . The angle of rotation,  specifies the coupling point. At each , we simulated the intensity of emission coupled to the waveguide in the CW and CCW directions. In Fig. 1(d) , we compile these results by plotting the percentage of the intensity coupled in either the CW or CCW directions as a function of . At  = 90°, 70% of the emission is coupled in the CCW direction, while at  = 150°, 80% of the emission is coupled in the CCW direction [ Fig. 1(b,c) ]. The results presented above for a particular mode are general and hold for other modes with similar values of kR.
Experimental demonstration of uni-directional coupling
To verify these behaviors experimentally, we fabricated the waveguide-coupled wavelength-scale cavities with GaAs using InAs quantum dots as the gain material. The cavity and coupling waveguide were patterned with electron beam lithography and transferred to the semiconductor via reactive ion etching. The fabricated disks with varying orientation relative to the waveguide are shown in Fig. 2(a,b) . The coupling waveguides were suspended in air by two triangular pedestals, as shown in Fig. 2(c) . The devices were tested in a liquid helium cryostat at 10° K and pumped optically with a mode-locked Ti:Sapphire laser (λ = 790 nm) operating at 76 MHz with 200 fs pulses. We observed lasing in three disks, each having the same size and shape, but different orientation relative to the coupling waveguide. The lasing modes in all three disks correspond to the high-Q mode with m = 12 and  ~905 nm [inset of Fig. 2(e) ]. As shown in Fig. 2 (e), the dependence of the emission intensity on the pump power exhibits a threshold behavior, confirming the onset of lasing action. The laser emission evanescently coupled from the disk to the waveguide and propagated along the waveguide until reaching one of the tapered regions, at which point some of the emission was scattered out of the plane. We observed uni-directional coupling in the image of the scattered laser light from the top and bottom pedestals, as shown in Fig. 2(d) . A narrow-band interference filter was positioned in front of the camera to select the laser emission near 905 nm. In Fig. 2(f) , we overlay the experimental data points ("×") for the three lasing devices on the curves of simulated coupling percentages for the m = 12 mode. The experimentally measured coupling efficiencies agree well with the predictions, and a maximum coupling efficiency of nearly 80% is observed from the device with  = 150°. 
Conclusion
We have demonstrated directional waveguide coupling from a wavelength-scale deformed microdisk laser. This behavior results from the GHS and FF effects that break the local chiral symmetry between the CW and CCW propagating waves.
